We hypothesized that shear stress stimulates the release of epoxyeicosatrienoic acids (EETs) from arteriolar endothelium, which directly hyperpolarize smooth muscle. To test this hypothesis, a perfusion system, consisting of two separate, serially connected chambers (A and B), was used. A donor vessel, isolated from gracilis muscle of female NO-deficient mice and rats, was cannulated in chamber A. In chamber B, an endothelium-denuded detector vessel isolated from mesentery of these animals was cannulated. In the presence of indomethacin, 5, 10, and 20 dyne/cm 2 shear stress elicited dilation of donor vessels, followed by dilation of detector vessels. Changes in membrane potential of the detector vessel smooth muscle cells in response to the perfusate from 5 and 10 dyne/cm 2 shear stress-stimulated donor vessels was also recorded (by ϷϪ12 to Ϫ15 and Ϫ20 to Ϫ30 mV, respectively). Exposing detector vessels to 30 mmol/L KCl or pretreating them with iberiotoxin abolished their hyperpolarization and dilation to the flow of perfusate. Pretreatment of donor vessels with PPOH, an inhibitor of cytochrome P-450/epoxygenase, eliminated dilator responses in both donor and detector vessels, as well as the hyperpolarization of detector vessels. GC-MS analysis showed increasing release of EETs into the perfusate collected from 1, 5, and 10 dyne/cm 2 shear stress-stimulated arterioles, which was abolished by PPOH. Thus, EETs, released from endothelial cells of donor vessels stimulated with shear stress, hyperpolarize smooth muscle of downstream detector vessels, confirming their identity as endotheliumderived hyperpolarizing factors and suggesting that gap junctional communication may not be necessary for shear stress-stimulated EDHF-mediated vasodilation. (Circ Res. 2005;96:376-383.) 
A lthough the chemical identity of endothelium-derived hyperpolarizing factor (EDHF) remains controversial, epoxyeicosatrienoic acids (EETs), metabolites of arachidonic acids by cytochrome P450 (CYP)/epoxygenase, have been identified as a potential EDHF in a variety of vascular beds, including coronary, cerebral, renal, skeletal muscle vasculature, and human forearm and subcutaneous microvessels. 1 However, some studies that question the existence of EDHF suggest that electrical coupling of endothelial and smooth muscle cells through gap junctions mediates the activity. The idea that EDHF/EETs activate potassium channels in endothelial cells, leading to either the release of K ϩ , [2] [3] [4] or spread of current from endothelial cells, [5] [6] [7] [8] [9] to hyperpolarize smooth muscle, has attracted attention, because histological evidence of the existence of gap junctions between endothelial and smooth muscle cells and between endothelial cells was provided. 10, 11 It was also reported that hyperpolarization of endothelial cells by injection of current or administration of ACh was conducted downstream to cause dilation of arterioles through endothelial gap junctions, 12, 13 a response that was inhibited by removal of the endothelium, or attenuated in arteries of mice deficient in connexin 40, a protein component of endothelial gap junctions. 13, 14 On the other hand, by using patch clamp techniques, some studies contradicted this conclusion and suggested that EET(s) hyperpolarize smooth muscle cells directly via activation of potassium channels, leading to vasodilation. 15, 16 Our previous studies have demonstrated that in NO deficiency, EDHF/EET is responsible for the mediation of endothelium-dependent, flow/shear stress-induced dilation of arterioles from female, but not that of arterioles from male, NO-deficient mice and rats, a mediation that is sensitive to potassium channel inhibitors. [17] [18] [19] [20] In the present study, using an EDHF bioassay and an electrophysiological technique, we aimed to test our hypothesis that EDHF/EETs are released in response to shear stress and that they dilate arterioles via direct hyperpolarization of smooth muscle. The major advantage of this technique is our ability to measure synchronously smooth muscle membrane potential and diameter of endothelium-denuded detector vessels in response to EETs that are released from endothelial cells of shear stress-stimulated donor vessels.
Materials and Methods

Animals
Twelve-to 14- week-old male and female eNOS-KO and wild-type (WT) mice were purchased from Jackson Laboratories (Bar Harbor, Maine) and 8-week-old female rats from Charles River Laboratories (Wilmington, Mass). Rats were treated with N G -nitro-L-arginine methyl ester (L-NAME, 50 mg/dL) in the drinking water for 3 to 4 weeks, as described previously. 17, 19, 20 All protocols were approved by the Institutional Animal Care and Use Committee of New York Medical College and conform to the guidelines of the National Institutes of Health and the American Physiological Society for the use and care of laboratory animals.
Arterioles
Donor vessels were isolated from gracilis muscle of female and male (as control) eNOS-KO and WT mice, and L-NAME-treated female rats. Detector vessels were isolated from mesentery of the corresponding animals, and then their endothelium was removed by injection of air into the vessel lumen. Mesenteric arterioles used for the measurement of shear stress-stimulated EET production were isolated from L-NAME-treated female rats.
Experimental Design
A perfusion system consisting of two separate, serially connected chambers (Chambers A and B) was used ( Figure 1 ). A donor vessel was cannulated in chamber A, and an endothelium-denuded detector vessel was cannulated in chamber B and was connected serially to the outflow site of chamber A. One syringe pump was connected to the inflow site of chamber A. Instant changes in the rate of flow of the intraluminal perfusate were achieved precisely by a pump (1 mL BD syringe, minimum flow 0.02 mL/h). A micropipette (Ϸ2 L volume) connected chambers A and B. Thus, when shear stress was initiated by perfusion of the donor vessel, the perfusate flowed through the detector vessel. The outflow site of chamber B was connected to a pressure-servo controller. Intraluminal pressure of the two vessels was maintained at 80 mm Hg by both the in-and outflow pressure transducers. A known level of initial shear stress was applied to the donor vessel and changes in diameter of both donor and detector vessels were recorded in turn (30 seconds apart) by moving the microscope stage onto a video tape along with time signals generated from a digital counter (VC-450, Thalner Electronic Laboratories). Corresponding flow rates to achieve the designed shear stress provided by the inflow pump were calculated based on the basal diameter of donor vessels and the viscosity of the perfusate (0.0069 poise in MOPS-PSS), according to the equation of shear stress ()ϭ4Q/r 3 . The perfusion system was also used to record changes in smooth muscle membrane potential and diameter of the detector vessels (in chamber B) simultaneously, in response to the perfusate that has flown through shear stress-stimulated donor vessels or to exogenous vasoactive agents.
Assessment of Smooth Muscle Membrane Potential of Detector Vessels
The methods for the measurement of membrane potential were similar to those published earlier. 21 Briefly, the perfusion system was mounted on a fixed stage of an inverted microscope (IMT-2, Olympus) on a vibration isolation table shielded by a Faraday cage. Membrane potential was recorded with an electrometer (IE-210, Warner) using microelectrodes pulled (P-97, Sutter Instrument Co) from glass capillary tubing (BF 100 to 50 -10, Sutter). Electrode tips were filled with 0.1% propidium iodide (P-1304, Molecular Probes) in 3 mol/L KCl and backfilled with 3 mol/L KCl; tip resistance is Ϸ50 M⍀. An Ag/AgCl reference electrode was connected to the effluent of chamber B via an agar bridge (3% agar/3 mol/L KCl). The electrode was positioned via a micromanipulator (Narishige) and further advanced into the vessels with an oil hydrostatic micromanipulator (TrentWells). The output of the electrometer and the video calipers were connected to a data acquisition system (DI-700, Dataq Instruments).
Criteria for successful intracellular recording are as follows: (1) a sharp negative drop of potential on entering the cell; (2) a stable potential recording for at least 6 to 8 minutes (1 to 2 minutes for initial stabilization, 2 to 3 minutes during flow stimulation, 2 minutes of positive current injection, 0.5 nA, for propidium staining, and 1 minute to reconfirm a stable intracellular potential); (3) a sharp return to reference potential when withdrawing from the cell; and (4) a clear positive propidium labeling of the nucleus of a single smooth muscle cell (see Figure 4 ). The fluorescent image of propidium iodide staining was visualized after each recording with a 150W mercury lamp through a HQ Cy-3 filter set (41007a, HQ545/30-HQ610/75-Q570LP, Chroma) using an ultra-long working distance objective (ULWD M/Splan 20/0.4, Olympus). Cell labeling was also imaged with a cooled CCD camera (CoolSNAP Color, Roper Scientific).
Experimental Protocols
Changes in arteriolar diameter of donor and detector vessels isolated from eNOS-KO mice in response to shear stress applied to donor vessels were assessed. To have sufficient release of EDHF when stimulated with shear stress, to elicit responses of detector vessels, a long segment of a donor vessel (Ϸ3 to 5 mm in average length) with all branches ligated (Ϸ2 to 3 branches) was isolated. Indomethacin (IND, 5ϫ10 Ϫ5 mol/L), an inhibitor of cyclooxygenase, was present in the superfusion of donor vessels during the entire period of the experiments.
In the first series of the experiments, initial shear stress of 5, 10, and 20 dyne/cm 2 , calculated based on the basal diameter, was applied to donor vessels, and then changes in diameter of both donor and detector vessels were, in turn (30 seconds apart), recorded for 6 minutes. After these control experiments, 30 mmol/L KCl or iberiotoxin (IBTX, 10 Ϫ7 mol/L), an inhibitor of large-conductance, calcium-activated K ϩ channels (BK Ca ), was administered to detector vessels; or PPOH (5ϫ10 Ϫ5 mol/L), an inhibitor of CYP/epoxygenase, was administered to donor vessels, for 45 minutes. Then changes in diameter of both donor and detector vessels in response to 20 dyne/cm 2 shear stress were once more recorded.
In the second series of studies, changes in smooth muscle membrane potential and diameter of detector vessels, in response to the perfusate that flowed from donor vessels stimulated by shear stress (5 and 10 dyne/cm 2 ), were simultaneously recorded. This series of studies was performed with vessels of three different groups of animals: female eNOS-KO and WT mice, and female L-NAME- treated rats. During the entire experiment, donor vessels were subjected to adenosine (ADO, 10 Ϫ4 mol/L) in addition to IND and L-NAME (5ϫ10 Ϫ4 mol/L) (the latter was only given to donor vessels isolated from WT mice), to maintain a stable, maximum (passive) diameter of the vessels during Ϸ5 to 6 minutes of perfusion. These experiments were repeated in the presence of IBTX in detector vessels, or PPOH in donor or detector vessels, respectively. In separate experiments, changes in smooth muscle membrane potential and diameter of detector vessels in response to perfusion of exogenous 11,12-EET (5ϫ10 Ϫ11 mol/L), and a bolus administration of phenylephrine (10 Ϫ7 mol/L) were also assessed.
Quantitation of EETs in Perfusate From Shear Stress-Stimulated Vessels
Preparation of Perfusate Samples From Isolated Arterioles
Mesenteric arterioles of L-NAME-treated female rats were used for the measurement of perfusate EETs because of their adequate length that is necessary for collecting sufficient volume of samples. Isolated arterioles (Ϸ13 mm in average length) with all (Ϸ6 -8) branches ligated were cannulated in a vessel chamber (14 mL in volume) filled with MOPS-PSS (37°C) at 80 mm Hg of intraluminal pressure. Adenosine (10 Ϫ4 mol/L) was added to both perfusion and suffusion solutions to fully dilate the vessel. The average diameter of the vessel was obtained by measuring the diameter along the entire length of the vessel at 100 m distances. After a one-hour equilibration in a no-flow condition, a known level of shear stress (1, 5, or 10 dyne/cm 2 ) was administered to the vessel for 5 minutes, and then perfusate was collected in the outflow tubing. Each sample, collected at different flow rates (2 to 5 mL), was normalized by adding MOPS-PSS to a final volume of 6 mL. In separate experiments, 10 dyne/cm 2 was applied to the vessels that had been treated with PPOH (5ϫ10 Ϫ5 mol/L) to inhibit CYP/epoxygenase.
Purification of EETs
Before extraction, 4.5 ng of a mixture of D 8 -EETs was added to each sample as internal standards. After extraction, the samples were reconstituted in 20 L methanol and injected into reverse phase HPLC to obtain EET fractions.
Derivatization and Quantitation With GC-MS Analysis
After derivatization, the samples were reconstituted in 50 L isooctane, and a 10-L aliquot was injected into a GCMS (HP-5890/ 5989A, Hewlett-Packard). Endogenous EETs were identified (ion mass-to-charge ratioϭ319) by comparison of GC retention times with authentic D 8 -EETs (mass-to-charge ratioϭ327) standards, quantified by calculating the ratio of abundance and further normalized by the time of perfusion and the area (mm 2 ) of the vascular endothelium.
Chemicals and Statistics
All chemicals were obtained from Sigma. PPOH was synthesized by J.R. Falck (University of Texas Southwestern Medical center, Dallas, Texas). Data are expressed as meanϮSEM. n refers to the number of animals in each group. Statistical analysis was performed using repeated-measures of ANOVA followed by the Tukey-Kramer post hoc test and Student t test. Statistical significance was accepted at a level of PϽ0.05.
Results
A perfusion system designed for the bioassay of EDHF and measurement of smooth muscle membrane potential in response to shear stress is illustrated in Figure 1 . Functional denudation of the endothelium in detector vessels was confirmed by the abolishment of acetylcholine (ACh, 10 Ϫ6 mol/L)-induced, but maintenance of sodium nitroprussideinduced, dilations (data not shown). Figure 2 shows that 5, 10, and 20 dyne/cm 2 initial shear stress, calculated based on basal diameter of the donor vessel (61.3Ϯ3.7 m), elicited significant dose-dependent dilations of donor vessels, followed by a dilation of similar magnitude of detector vessels, indicating that shear stress-stimulated endothelial mediator(s), other than those derived from eNOS or cyclooxygenase, account for the dilator responses of both donor and detector vessels. Identical experiments performed on male donor vessels of eNOS-KO mice, as control, showed that neither donor nor detector vessels dilated in response to 20 dyne/cm 2 shear stress when donor vessels were pretreated with IND (online Figure I , available in the online data supplement at http:// circres.ahajournals.org), confirming our previous findings showing that in vessels of male mice and rats, in the absence of NO, prostaglandins are responsible for flow-induced dilation. 20, 22 However, after exposure of detector vessels of female eNOS-KO mice to 30 mmol/L KCl (Figure 3 the dilation of donor vessels stimulated with 20 dyne/cm 2 shear stress. The results indicate that dilation of detector vessels caused by the perfusate that flowed through donor vessels is dependent on the activation of BK Ca channel of smooth muscle, a response that fits the criteria of EDHF-mediated vasodilator responses. Data in Figure 3 (bottom panel) , showing that neither donor nor detector vessels dilated when 20 dyne/cm 2 shear stress was applied to donor vessels that had been pretreated with PPOH, suggest that the characteristics of the mediator(s) responsible for the dilation of donor and detector vessels conform to those of EETs.
Changes in Diameter of Donor and Detector Vessels of eNOS-KO Mice in Response to Shear Stress Applied to Donor Vessels Treated With IND
Changes in Diameter and Membrane Potential of Detector Vessels in Response to the Perfusate Flowing Through IND-Treated Donor Vessels Stimulated by Shear Stress
We also examined whether the EETs that are released from female NO-deficient donor vessels would not only dilate, but also hyperpolarize detector vessels. To this end, a shear stress equal to 5 and 10 dyne/cm 2 was applied to fully dilated (by adenosine) donor vessels. The Table provides general information of detector vessels used. Figure 4 shows that in the presence of 5 dyne/cm 2 shear stress, the perfusate passing through donor vessels isolated from female eNOS-KO mice elicited smooth muscle hyperpolarization of detector vessels by Ϫ12.9Ϯ1.5 mV, associated with an increase in diameter by 13.1Ϯ1.5 m. When shear stress was increased to 10 dyne/cm 2 , a further hyperpolarization (Ϫ27.3Ϯ2.2 mV) and greater dilation (20.7Ϯ1.7 m) were observed. In the presence of IBTX in detector vessels, or PPOH in donor vessels, hyperpolarization and dilation of detector vessels in response to 10 dyne/cm 2 shear stress administered to donor vessels, were eliminated, indicating that it is EET(s) that are released into the perfusate from the endothelium of donor vessels stimulated by shear stress to hyperpolarize smooth muscle of detector vessels via activation of BK Ca channels.
Consistent results were also obtained when similar experiments were done in vessels isolated from female WT mice after acute (30 to 45 minutes) exposure of L-NAME in the superfusion of donor vessels and those isolated from female rats after chronic (3 to 4 weeks) treatment with L-NAME in the drinking water. In WT mice, 5 and 10 dyne/cm 2 shear stress passing through donor vessels elicited smooth muscle hyperpolarization of detector vessels by Ϫ12.2Ϯ1.1 and Ϫ19.0Ϯ3.1mV, associated with vasodilations of 11.6Ϯ1.7 and 18.8Ϯ2.9 m, respectively (Figure 5a and 5b) . In L-NAME-treated rats, the same shear stresses elicited smooth muscle hyperpolarization of detector vessels by Ϫ15.5Ϯ1.4 and Ϫ30.4Ϯ3.1mV, associated with vasodilation of 15.3Ϯ1.1 and 26.4Ϯ2.0 m, respectively (Figure 5c and 5d ). On the other hand, PPOH, when administered to detector vessels, had no effect on their dilator and hyperpolarizing responses, but it essentially eliminated the responses when administered to donor vessels ( Figure 5 ), confirming further that the source of EETs is the endothelial cells of donor vessels. Perfusion of 11,12-EET (5ϫ10 Ϫ11 mol/L) for 6 minutes elicited smooth muscle hyperpolarization (by Ϫ21Ϯ2.4 mV) and vasodilation (by 19.7Ϯ1.5 m) (online Figure II) , whereas phenylephrine (10 Ϫ7 mol/L) caused depolarization and vasoconstriction of detector vessels (data not shown). 
Characteristics of Detector Vessels of Female eNOS-KO (n‫)9؍‬ and WT (n‫)5؍‬ Mice and Rats (n‫)8؍‬
Quantitation of EETs in Perfusate From Shear Stress-Stimulated Vessels
EETs were identified in the perfusate collected from shear stress-stimulated arterioles ( Figure 6 ), suggesting that shear stress dose-dependently stimulates the release of EETs from vascular endothelium, a response that is prevented by PPOH.
Discussion
The present study is the first to provide direct evidence for shear stress-stimulated release of EETs in microvessels. Moreover, the released EETs, in addition to be responsible for the mediation of flow-induced dilation of donor vessels, traffic downstream to endothelium-denuded detector vessels to cause hyperpolarization and dilation. These findings do not necessarily challenge the evidence for other possible mechanisms by which, as reported by others, 8, 9, 23 EDHF/EETs mediate hyperpolarizing responses, or other mediators that might contribute to the mediation of the responses, but rather to confirm that EETs can be directly released from endothelial cells to hyperpolarize and dilate vessels via a mechanism that is independent of gap junctional communications. Mechanical factors like shear stress cause vasodilation that is linked to factors released from the endothelium, such as NO and prostaglandins (PGs). Our previous studies have demonstrated that although in physiological conditions, NO and PGs are the main contributors of shear stress-dependent vasodilation, EDHF/EETs serve as a back-up mechanism in NO deficiency. We observed previously that in the absence of NO, the mechanism responsible for shear stress-dependent regulation of arteriolar tone is purely EDHF/EET-dependent, a response which, moreover, is especially prominent in the presence of estrogen. [17] [18] [19] [20] Because the characteristics of gender-specific regulation of EDHF/EETs have already been reported previously, the present study focused on the issue as to whether EETs, similar to NO and PGs, are releasable and transferable factors that can hyperpolarize smooth muscle via directly activating K ϩ channels.
We found that increases in shear stress dilated donor vessels of female eNOS-KO mice, followed by dilation of detector vessels (Figure 2 ). Because the entire experiment was performed in the presence of indomethacin, the dilator responses observed could be characterized as non-NO, non-PG-dependent responses. When control experiments were performed on vessels isolated from male eNOS-KO mice treated with indomethacin, neither donor nor detector vessels dilated in response to shear stress, whereas in the absence of indomethacin, shear stress did elicit dilation of both vessels (online Figure I) , indicating, as demonstrated previously, 22 a PG-mediated response. Additionally, after the onset of intraluminal flow, an increase in perfusion pressure was observed. As measured in preliminary studies, application of 20 dyne/cm 2 of initial shear stress to arterioles elicited approximately 10 to 12 mm Hg increases in perfusion pressure, which however, could not be adjusted by lowering outflow pressure, as is the case when flow-induced dilation is performed in a single vessel. The reasons for this are as follows: first, donor and detector vessels are serially connected, and thus the method of maintaining a constant intraluminal pressure by increasing and decreasing inflow and outflow pressures equally is not feasible; and second, because lowering outflow pressure may elicit a myogenic dilation in the detector vessel, which could be misleading when trying to understand the reasons for the dilation of these vessels. Thus, as shown in our data, detector vessels dilated even in the presence of minimal increases in perfusion pressure and myogenic tone, indicating further that the bioassay is sensitive enough to detect vasodilator substances released from donor vessels.
The involvement of smooth muscle K Ca channels in the shear stress-induced non-NO-, non-PG-mediated dilations of vessels was confirmed by the results shown in Figure 3 (top and middle panels). Results indicate that although donor vessels dilated in response to 20 dyne/cm 2 shear stress, no dilator responses were observed in detector vessels that had been subjected to depolarizing concentrations of K ϩ or treated with IBTX. On the other hand, the characterization of the that it is EETs that dilate both donor and detector vessels, although other mediator(s) released as a function of activation of CYP could also play a role in the mediation of the responses. Because EETs could be released from both endothelial and smooth muscle cells, 24 PPOH was also administered to detector vessels. We found that unlike administration of PPOH to donor vessels, pretreatment of detector vessels with PPOH did not affect their dilation and hyperpolarization in response to the perfusate from shear stress-stimulated donor vessels ( Figure 5 ). Moreover, previous studies have confirmed that the shear stress-dependent dilation is purely endothelium-dependent. 17, 18, 21, 22 Thus, the hyperpolarization and dilation of detector vessels were elicited by EETs that were released from endothelial cells of donor vessels, rather than smooth muscle cells of detector vessels. Our results are unlike the studies published previously on ACh-stimulated EDHF/EET-mediated conducted vasodilation, in which EETs activated K Ca channels only at the site of vessel stimulation but not at distant sites, as indicated by the fact that application of IBTX at the remote site did not alter dilation, but blockade of K Ca channels or CYP/epoxygenase at the ACh-stimulated site significantly attenuated both local and conducted responses. The authors claimed therefore, that a local release of EETs accounts for the hyperpolarization of the vessels, which Figure 5 . a and b, Changes in smooth muscle membrane potential (a) and diameter (b) of detector vessels in response to the perfusate first flowing through donor vessels isolated from female WT mice, subjected to L-NAME (5ϫ10 Ϫ4 mol/L)ϩIND and stimulated by 5 and 10 dyne/cm 2 shear stress, with presence of PPOH in detector vessels (V2, nϭ4) or in donor vessels (V1, nϭ7), respectively. c and d, Changes in smooth muscle membrane potential (c) and diameter (d) of detector vessels in response to the perfusate first flowing through donor vessels of L-NAME-treated female rats, subjected to IND and stimulated by 5 and 10 dyne/cm 2 shear stress, with presence of PPOH (5ϫ10 Ϫ5 mol/L) in detector vessels (V2, nϭ4) or in donor vessels (V1, nϭ6); or with IBTX (10 Ϫ7 mol/L) in detector vessels (V2, nϭ4), respectively. *Significant difference from those stimulated by 5 or 10 dyne/cm 2 shear stress and those with PPOH in detector vessels (V2). #Significant difference from that stimulated by 5 dyne/cm 2 shear stress. Figure 6 . Quantitation of EETs by GC-MS analysis in the perfusate collected from isolated mesenteric arterioles of L-NAME-treated female rats, stimulated by 1, 5, and 10 dyne/cm 2 shear stress in control conditions and in the presence of PPOH (nϭ6; a total of 13 vessels in each group). *Significant difference from that stimulated by 1dyne/cm 2 shear stress. #Significant difference from that stimulated by 5 dyne/cm 2 shear stress and that by 10 dyne/cm 2 shear stress in the presence of PPOH, respectively. then evokes a conducted dilation independent of K ϩ channels. 8 Although, in the present study, the possibility of a contribution of myoendothelial gap junctional communication to the mediation of EET-induced dilation of donor vessels is not excluded, the fact that IBTX-treatment or depolarization of detector vessels completely eliminated their dilator responses, while dilation of donor vessels was unaffected, strongly suggests that EETs dilate detector vessels via direct activation of K ϩ channels on smooth muscle, a finding that corresponds to that observed in single smooth muscle cells subjected to exogenous EETs. 15, 16, 25 Synchronous recording of changes in detector vessel membrane potential and diameter in response to the perfusate that first flowed through shear stress-stimulated donor vessels provides solid evidence of an EDHF/EET-mediated hyperpolarization and vasodilation. A Ϸ22to 24-mV resting membrane potential was recorded in vessels in which a Ϸ50% basal myogenic tone developed spontaneously. In the presence of 5 and 10 dyne/cm 2 shear stress, increasing hyperpolarization and dilation of detector vessels were elicited that could be prevented by blocking K ϩ channels in detector vessels or by inhibiting EET synthesis in donor vessels (Figures 4 and 5) . Because EDHF-mediated responses can be discerned in most instances only when NO synthesis is impaired, and also because a role for estrogen in the upregulation of EET synthesis has already been demonstrated, [17] [18] [19] [20] we repeated our studies in vessels of two additional NOdeficient female animal models caused by acute (donor vessels of WT mice subjected to L-NAME for 30 to 45 minutes) and chronic (L-NAME-treated rats for 3 to 4 weeks) inhibition of NO synthesis. The result showed EET-mediated responses to shear stress ( Figure 5 ) that were identical to those obtained in vessels of female eNOS-KO mice ( Figures  2 to 4) . These results illustrate the general nature of compensatory activity of EETs, as an EDHF in the maintenance of endothelial function when the bioavailability of NO is impaired. It is of note that perfusion of a low concentration of 11,12-EET (5ϫ10 Ϫ11 mol/L) directly elicited hyperpolarization and dilation of detector vessels (online Figure II) comparable in magnitude to that caused by 10 dyne/cm 2 shear stress applied to donor vessels in bioassay studies (Figures 4  and 5 ), confirming further our conclusions.
Our previous study demonstrated a genomic upregulation of EET production in NO-deficient microvessels, which was responsible for the switch from shear stress-dependent dilation mediated by prostaglandins to that mediated by EDHF in male phenotypic vessels treated with estrogen. 19 In the present study, we quantified EETs in the perfusate collected from shear stress-stimulated isolated microvessels of female NO deficient rats, providing for the first time direct biochemical evidence to link the release of EETs from endothelial cells to stimulation of the vessels by shear stress (Figure 6 ). Apart from activation of K ϩ channels and hyperpolarization, other intracellular EET targets have been identified, ie, tyrosine kinases and phosphatases, mitogen-activated protein kinase (ERKs, P44/42 and P38 MAPK, and stress-activated protein kinase), PI3K/Akt, and IB kinase. 24 Also, roles for EETs, for instance, 11,12-and 14,15-EET, in the mediation of antimigratory effects of smooth muscle cells via a cAMP/ PKA-dependent mechanism, 26 a signaling pathway that could be activated by binding of EETs to their specific receptor, 27 have been reported. Although the specific intracellular signaling cascades responsible for detecting and then converting this physical stimulus into chemical signals, as manifested by the release of EETs via the metabolism of arachidonic acid, is as yet unknown, the present study could serve as the basis for further investigation of the signal transduction cascades involved and the relationship between shear stress and EETs.
In summary, shear stress stimulates the release of EETs from the endothelium of arterioles isolated from female NO-deficient mice and rats. The released EETs, in addition to be responsible for flow-induced dilation of donor vessels, can be transferred to downstream detector vessels to hyperpolarize and dilate them, via the activation of smooth muscle BK Ca channels. Our data demonstrate that EETs are released to mediate shear stress-induced hyperpolarization/dilation of arterioles, a response that is independent of the presence of gap junctional communications. Moreover, further studies by using these newly developed experimental devices and biochemical approaches could yield deeper insight into the signal transduction pathways responsible for the release of EETs by shear stress and their role in the regulation of microvascular function.
